The mechanistic association between endolymphatic hydrops (ELH) and hearing loss (HL) is unclear. Although ELH severity has been shown to correlate in some studies with HL, injury of vital structures, including hair cells and the cochlear nerve, have failed to demonstrate correlation with ELH severity. The goal of this study is to evaluate the hypothesis that spiral ganglion cell degeneration is the principle pathologic site of ELH-related cochlear injury, correlates with ELH severity, and is most profound in the apical region.
INTRODUCTION
Although it has been more than 150 years since Prosper Ménière first described the symptoms of Ménière's disease, the cause of the disease and the precise mechanism by which it produces its characteristic symptoms are unknown. Since 1938, endolymphatic hydrops (ELH) has been known to be the primary histopathologic correlate of the disease. 1 ,2 Yet, the cause of ELH and the mechanism by which ELH imparts hearing loss (HL), remain unclear. Studies that have quantified hair cell loss from ELH have failed to document a sufficiently severe or widespread degeneration to explain the degree of HL that ensues. 3, 4 Similarly, although ELH severity has correlated with HL in a number of studies, [5] [6] [7] there has been a lack of evidence that cochlear nerve degeneration correlates with ELH. 8 One of the few other consistent histopathologic findings of Ménière's and experimental ELH has been spiral ganglion cell (SGC) loss, which in most cases is confined to the apical region of affected cochleae. 9 -13 Surgical induction of ELH in the guinea pig via ablation of the endolymphatic sac has been the standard model for studying the disease. 13 However, the degree of SGC loss, in both humans and this experimental model, has not yet been quantified, nor has the correlation between apical SGC loss and ELH or HL been evaluated.
To try to better understand the mechanism by which ELH imparts HL, this study seeks to demonstrate quantitatively the pattern of spiral ganglion cell loss in the guinea pig model of ELH. This work will allow for the examination of any possible correlation between SGC loss and turn-specific hydrops severity, overall hydrops severity, cochlear nerve diameter, and HL.
MATERIALS AND METHODS

Animals
Female, albino guinea pigs (Duncan-Hartley strain, 250 -300 g) were purchased from the Charles River Breeding Laboratories (Wilmington, MA), and prepared as described by Hott el al. 7 and Megerian. 8 Body temperature was maintained at 38 Ϯ 5°C using a homoeothermic heating pad (Harvard Apparatus, Holliston, MA). For audiologic testing and surgery, guinea pigs were anesthetized with 16.7 mg/kg pentobarbital intraperitoneally, and 3.5 mg/kg xylazine and 17.3 mg/kg ketamine intramuscularly. All animals were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory animals. The protocol was approved by the Institutional Animal Care Committee.
Measurement of Auditory Brainstem Responses and Hearing Loss
Auditory brainstem response (ABR) thresholds were obtained prior to hydrops induction using the Intelligent Hearing Systems (IHS, Miami, FL) ABR testing system, version 3.6, as described by Hott et al. 7 The hearing threshold was determined to Ϯ5 dB sound pressure level for frequencies of 2, 4, 8, 16 , and 32 kHz. The threshold was defined as the last intensity at which an ABR pattern corresponding to the preceding, greater intensity was seen and subsequently lost on repeated trials at an intensity 5 dB lower. An HL value for the hydropic, or right, ear was calculated from the difference between the pure-tone thresholds derived by ABR at the five frequencies before surgery and prior to sacrifice, 4 to 6 months postoperatively. Frequency-specific threshold shifts were also calculated from the difference between baseline (before hydrops surgery) and before sacrifice thresholds. Further details of ABR measurements can be seen in Hott et al. 7 and Megerian. 8
Induction of Hydrops
Following anesthesia, unilateral ELH was induced on the right side as described by Hott el al. 7 and Megerian. 8 In brief, using a posterior cranial fossa approach, a small Skeeter (Medtronic-Xomed, Jacksonville, FL) drill was used to enter and obliterate the endolymphatic duct and sac, the remains of which were packed with bone wax. The left ear served as a control. Sulfonamide antibiotics and one dose of liquid acetaminophen were administered via drinking water postoperatively.
Tissue Processing
Animals were killed 4 to 6 months after surgery. Processing was carried out using the procedure described by Hott el al. 7 and Megerian. 8 Fourteen animals (N ϭ 14) with audiologic and histologic data were available for data analysis. The animals were deeply anesthetized using pentobarbital, xylazine, and ketamine at double the previous dosages. Animals were then subjected to transcardiac perfusion with normal saline, plus 10 units/liter heparin, and 69 mg/liter sodium nitrate. Fully fixed animals were decapitated and their temporal bones were dissected out en bloc. After the bullae were opened and the round windows were punctured, the temporal bones were stored fully submerged in 10% buffered formalin. Temporal bones were then decalcified and embedded in celloidin. After hardening, the specimens were cut along the midmodiolar plane into 14-m sections. Every fifth section was slide mounted and stained with hematoxlyin and eosin for light microscopy. Animals failing to demonstrate any histologic evidence of ELH were excluded.
Spiral Ganglion Quantification and Spiral Ganglion Loss Index (SGLI)
The five most midmodiolar sections were chosen for the right and left cochlea of each guinea pig (each separated by 56 m for a reference space of 280 m). 14 High-resolution images of Rosenthal's canal were acquired from both groups (aminoguanidine-treated and non-treated) using a Leica DMR upright microscope (Heidelberg, Germany), a 20ϫ (dry) objective, an RGB color filter, and a Retiga 2000R CCD digital camera (Q-Imaging, Burnaby, B.C., Canada). Image acquisition was fully automated for up to eight slides using an eight-slide, linearly-encoded X, Y, Z-motorized stage (Prior Scientific, Rockland, MA) managed by Objective Imaging's Oasis 4i controller (Kansasville, MI), TurboScan software (Objective Imaging), and Image-Pro 6.2 (Media Cybernetics, Silver Spring, MD). During acquisition, high magnification ("predictive" focused) image fields were acquired across the entire cochlea and stitched together to form a single high-resolution, large field-ofview (FOV) image (ϳ11 ϫ 10 tiles/mosaic). Each image field was background corrected prior to stitching to ensure continuity and minimize chromatic variability (see Fig. 1 ). For quantitative analysis of SGCs, regions of interest (ROIs) were defined in each large FOV image at the apical-most and basilar lateral regions of Rosenthal's canal (when visible) using the bony boundaries of Rosenthal's canal as visual guides. 15, 16 SGCs were counted in each ROI of each large FOV image in semi-automated, batch mode using customized macros and algorithms generated for Image-Pro Plus 6.2 (Media Cybernetics). The software user was then prompted to add SGCs that were not segmented, or remove SGCs that were incorrectly segmented, using discernable nucleoli as a visual cue (see Fig. 2 ). 17, 18 Final SGC counts and ROI area measurements for 14 animals were exported to Excel (Microsoft Corporation, Redmond, WA) and an average density for the two regions, apex and base, was calculated for each cochlea. For each guinea pig, the left-side (control) average density was divided by the right-side average density to formulate an SGLI for the apex and base of each animal. Hence, an SGLI of one would indicate identical SGC density, an SGLI less than one would indicate greater SGC density in the hydropic ear, and an SGLI greater than one would indicate greater SGC density in the normal ear.
Hydrops Quantification Total Hydrops Index (THI)
Endolymphatic hydrops was first measured semiquantitatively using a visual scale devised by Cureoglu et al. 19 The degree of hydrops in each turn (basilar, suprabasilar, subapical, and apical) was assigned a grade of 0 to 3, depending on the severity of hydrops, as described by Megerian. 8 The maximum score a hydropic ear could receive was 12 (i.e., a score of 3 for each of the four turns of Rosenthal's canal).
Apical and Basal Hydrops Index
To objectively quantify the degree of endolymphatic hydrops, the ratio of scala media area to scala vestibuli plus scala media area was calculated in the cochlear duct areas immediately adjacent to the evaluated SGC density areas. 6, 7 We chose this method, as opposed to measurement of the distention of Reissner's membrane (RM), because it more directly corresponds with scala media volume. Using the previously-acquired large FOV images from SGC quantification, one apical medial and one basilar lateral cochlear duct area were isolated from the same section for both the left and right ears of each animal. Guinea pigs were excluded if all five previously selected sections for a given ear demonstrated RM rupture. These "cropped" images were imported into Image-Pro (Media Cybernetics) and analyzed using another semi-automated, batch processing routine. The ratio of scala media area to scala vestibuli plus scala media area (see Fig.  3 ) found in the right apex was divided by that found in the left apex to formulate an apical hydrops index (AHI). Similarly, the ratio found in the right base was divided by that found in the left base to formulate a basilar hydrops index (BHI). 6 
Cochlear Nerve Measurements
The data regarding the diameter of the cochlear nerve measured for left (control) and right (experimental) ears, was obtained from previous work in the same study group reported by Megerian. 8 Table I for the apex and Table II for the base. A paired Student t test was used to compare spiral ganglion degeneration in the apex and base. Apical spiral ganglion degeneration was significantly greater than basilar degeneration (n ϭ 13, P ϭ .0049). The average SGLI in the apex was 1.93 compared to 1.13 in the base (see Fig. 1 and Tables I and II) . On the other hand, ELH severity failed to demonstrate a similar pattern. There was no significant difference between AHI and BHI, that is, between apical hydrop severity and basal hydrops severity (n ϭ 11, P ϭ .0931). On average, in fact, basal hydrops severity was greater than apical.
RESULTS
SGC degeneration
Regression analysis was used to determine the degree of correlation between SGC degeneration in the apex and base, and several factors: hydrops (both turn-specific and total), maximal and average cranial nerve degeneration, total threshold shift and low-or high-frequency threshold shift for the apex and base, respectively (see Table III ). In the apex, spiral ganglion degeneration showed a strong correlation (see Figs. 4 and 5) with both apical hydrop severity, AHI (r ϭ 0.8014, P ϭ .0030), and total hydrop severity, THI (r ϭ 0.7107, P ϭ .0065). No significant correlation (P Ͼ .05) was observed between apical SGLI and cochlear nerve degeneration, maximal and average, or HL, both low frequency and total. Also, in the base, no significant correlations were observed between basal spiral ganglion degeneration and any of the other examined features.
Regression analysis was also conducted to examine correlations with local hydrops severity (see Figs. 6 and 7) . This analysis revealed a high degree of correlation between AHI and both low-frequency threshold shift (r ϭ 0.7418, P ϭ .0090) and total threshold shift (r ϭ 0.6638, P ϭ .0259). Meanwhile, AHI did not significantly correlate with nerve degeneration (P Ͼ .05). Basal hydrops severity, BHI, also correlated strongly with high frequency (r ϭ 0.6356, P ϭ .0263) and total threshold shift (r ϭ 0.7908, P ϭ .0097), but not with nerve degeneration.
DISCUSSION
Previous studies have clearly pointed to a tendency for apical loss of spiral ganglion cells in association with ELH. As early as 1967, Kimura 13 observed degeneration of cochlear neurons in the apical turns, in some cases as little as 1 month after ablation of the endolymphatic sac. Later, in 1983, Yoo et al. 11 noted a loss of spiral ganglion in immunized guinea pigs that was more conspicuous in the apical turn than the basilar turn. By the mid-1990s, it was widely accepted that ELH produced apical neuron loss in cats, rabbits, and guinea pigs. 10, 12, 20, 21 Also, in the human condition of Ménière's disease, degeneration of apical neurons has been observed since the 1958 work of Lindsay and von Schultess. 22 This was later noted by Nadol and Thorton 12 in 1987. The following year, Nadol 20 reported that this loss of spiral ganglion cells in the apical turn was "the only consistent histopathological finding among the neuroepithelial and neural structures of the cochlea" in patients with Ménière's. In 1993, Schuknecht noted that approximately 10% of ears with Ménière's display a focal loss of apical neurons. 21 This study definitively quantifies this apical spiral ganglion loss in the guinea pig. In guinea pigs with ELH, apical spiral ganglion degeneration was significantly more profound than basilar degeneration. This was observed in all but one animal. Also, apical spiral ganglion density was consistently far less in the ear with ELH than in the opposite normal ear. This trend was also observed in all but one animal, for which the densities were approximately equal. Moreover, this study goes further to demonstrate a statistically significant correlation between the spiral ganglion degeneration and hydrops severity. Previous studies have demonstrated correlations between ELH severity and HL, with varying results. In 1990, Klis et al. 6 demonstrated a strong correlation in animals between histologically quantified hydrops and low-frequency HL. Later, in 1994, Salt and DeMott 23 found that the degree of ELH in animals did not directly correlate with cochlear dysfunction. However, this study only examined animals between 4 days and 16 weeks after hydrops were induced. Hott et al. 7 found in 2003 that in long-standing ELH in guinea pigs of 16 -24 weeks, a significant correlation was observed between the magnitude both turn-specific hydrops and overall hydrops and the severity of HL at 2 kHz and 16 kHz, but not at 4, 8, or 32 kHz. The authors cautioned that turn-specific hydrops did not correlate reliably with the magnitude of HL at anatomically appropriate frequency ranges. Finally, in 2005, Megerian 8 demonstrated a statistically significant correlation between the total threshold shift and total hydrops, measured semiquantitatively using a visual scale of severity. Here, we have shown that turn-specific hydrops correlate with corresponding anatomically appropriate HL. The degree of apical hydrops correlated strongly with lowfrequency threshold shift, the average of 2 and 4 kHz, and basal hydrops correlated strongly with high-frequency threshold shift, the average 16 and 32 kHz.
In previous research with these same animals, it has been shown that ELH in the guinea pig model results in significant deterioration of the cochlear nerve and whole eighth cranial nerve maximal diameter. However, there was no correlation shown between the principle pathologic phenomenon (ELH) and cochlear nerve deterioration. 8 The present study also failed to produce a correlation between nerve degeneration and SGC loss or turn-specific quantitative hydrop severity. However, it does show that SGC degeneration correlates with apical and overall ELH, and implies that SGC degeneration is correlatively related to ELH.
CONCLUSION
The results of this study, when combined with previous work with the same animals and other experiments in the field, show some intriguing correlations. First, it is now clear that long-standing ELH in the guinea pig causes significant loss of SGCs, and that this loss is more profound in the apex than in the base, despite the fact that hydrops is not more severe in the apex than the base. This has been long reported by researchers in both guinea pigs with ELH and human Mé niè re's patients. Yet, not until now has it been demonstrated quantitatively. Additionally, it has been shown that this loss correlates well with apical and overall hydrops severity.
These findings imply that the mechanism of cochlear dysfunction in experimental ELH, and perhaps also in human Ménière's, is a form of neurotoxicity that begins in the apex of the cochlea and likely progresses toward the base. The results also point toward neuronal injury as an important mediator of disease related HL in ELH. The key to future studies is to develop a better understanding of how ELH results in SGC degeneration or whether they are directly or indirectly related. Once this is better defined, interventions designed to block this phenomenon will potentially allow for hearing preservation strategies to be developed in ELH-related diseases such as Ménière's disease. 
